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Investigations into the magnetic properties of sputtered MnxCoGe films in the range 0.8 ≤ x ≤ 2.5
uncovered ferrimagnetic order, unlike the ferromagnetic order reported in bulk samples. These films
formed hexagonal Ni2In-type structures in all measured compositions. While the Curie tempera-
tures of the films are comparable to those of hexagonal bulk MnCoGe, there is a reduction in the
magnetization of the MnxCoGe film relative to bulk MnCoGe, and a magnetization compensation
point is observed in the x < 1 samples. To understand the behavior, we calculated the magnetic
moments of Mn-antisite defects in MnCoGe with density-function theory calculations. Models con-
structed from the calculation suggest that films become ferrimagnetic due to the presence of Mn
on the Co and Ge sites. In the x < 1 samples, these defects arose from the disorder in the films,
whereas for x > 1, the excess Mn was driven onto the antisites and produced ferrimagnetic order.
I. INTRODUCTION
The manganese germanides provide a rich phase dia-
gram with a diverse range of magnetic structures. Mn3Ge
forms one of two polytypes. The Mn3Ge D019 hexagonal
structure is a frustrated non-collinear antiferromagnet
with a large topological Hall effect1, while the tetragonal
D022 Heusler is a high-anisotropy ferrimagnet of interest
for memory applications2. There have been recent pro-
posals for tuning the magnetic properties of this structure
via chemical substitutions Mn3−yXyGe.
3 Substitution of
Ni, for example, decreases the moment and increases the
coercivity.4
A related family of compounds – the inverse tetrag-
onal Heuslers – is obtained by replacing Mn on one of
the 4d Wyckoff sites in the D022 structure, (0, 1/2,
1/4), with another element. This lowers the symme-
try from D3h to the non-centrosymmetric D2d point
group and turns on the Dzyaloshinskii-Moriya interaction
that is responsible for the non-collinear magnetic struc-
tures in Mn2RhSn
5 and Mn1.4PtSn
6. The stability of
the Mn2XGe Heusler compounds have been explored by
density-functional theory (DFT) calculations,7 many of
which are predicted to form the inverse tetragonal struc-
ture, including Mn2CoGe. The initial motivation for the
work in this paper was to create Mn2CoGe Heusler alloy
films by magnetron sputtering. We fabricated MnxCoGe
in the compositional range 0.8 ≤ x ≤ 2.5, but were un-
successful in producing Heusler alloys. The entire com-
position formed either a hexagonal structure or an or-
thorhomic structure related to the magnetocaloric mate-
rial, MnCoGe.
At low temperature, MnCoGe forms an orthorhombic
C23 TiNiSi-type structure (space group #62, Pnma).
It is a collinear ferromagnet with a Curie tempera-
ture, T orthoC = 355 K and a magnetic moment of m =
3.86µB/formula unit (f.u.). At a temperature Tt, the
material undergoes a martensitic transformation to a
hexagonal B82 Ni2In-type structure (space group #194
P63/mmc).
8 The resulting 3.9% contraction in volume
leads to a broadening of the Mn d-bands producing a
smaller moment and lower TC
9. In this hexagonal poly-
type, m = 2.78µB/f.u.
10 and T hexC ≈ 260 K. The marten-
sitic transition is very sensitive to defects. Johnson et
al. found that Tt varied between 398 − 453 K, while
Kanomata et al. reported Tt as high a 650 K. When Tt
lies between T hexC and T
ortho
C the material undergoes a
first-order transition from an orthogonal ferromagnet, to
a hexagonal paramagnet that gives rise to a large mag-
netocaloric effect.
FIG. 1. The primitive unit cell of MnCoGe Ni2In-type phase.
Isometric view (top) and c-axis projection (bottom), showing
the 2a-Mn sites (gray), the 2c-Co sites (red) and 2d-Ge sites
(blue).
What makes MnCoGe particularly attractive is that
its martensitic temperature can be chemically tuned in-
dependent of TC . The transition temperature Tt is very
sensitive to Co vacancies,11,12 as well as Mn vacancies.13
With only a few percent vacancies on either site, Tt can
be reduced to room temperature with little effect on ei-
ther T hexC or T
ortho
C . This is potentially driven by a reduc-
tion in the number of valence electrons, as the same effect
is also observed in Mn1+xCo1−xGe alloys.
13,14 Numerous
studies have explored the influence of other defects and
2substitutions in MnCoGe; a comprehensive summary of
such studies is given in the appendix of Ref. 15.
In the Ni2In-phase, Mn resides on the 2a (0,0,0) Wyck-
off sites and forms low density (001) planes. These are
separated by dense CoGe planes with Co on the 2c (1/3,
2/3, 1/4) sites and Ge on the 2d (2/3, 1/3, 1/4) sites (see
Fig. 1).
We found that MnxCoGe films prepared by DC mag-
netron sputtering were much more disordered than typ-
ical bulk material, which had two important conse-
quences. Firstly, the hexagonal B82 phase was obtained
at room temperature after annealing at T = 500 ◦C
and remained in this phase upon cycling down to low
temperature, consistent with other reports of sputtered
MnCoGe films.16 Secondly, the films display ferrimag-
netic rather than ferromagnetic order reported in other
investigations of this material. We support the analysis
of the magnetic properties with DFT calculations that
show the spins from Mn-antisite defects align in the op-
posite direction to the spins on the Mn-sites.
II. GROWTH
Films were deposited on thermally oxidized wafers, as
SiO2 acts as a diffusion barrier for Mn, Co and Ge
17.
Si(001) wafers (manufactured by Prolog semicor Ltd.)
were cut into 20 mm × 20 mm squares and were soni-
cated in acetone and methanol baths for 15 minutes each.
Before removing the wafers from the methanol bath, de-
ionized nanopure water was slowly added and allowed to
overflow in order to remove any contaminants from the
liquid surface. The wafers were heated in a dry furnace at
900 ◦C for 5 hours to create a SiO2 layer, approximately
300 nm in thickness.
The sonication treatment was then repeated prior to
loading samples into a Corona Vacuum Coater V3T mag-
netron sputtering deposition system with a base pressure
of 3.0 × 10−7 Torr. The Ar pressure during sputtering
was 2.0 × 10−3 Torr. Sputtering rates were calibrated
by measuring the weights of the samples before and after
growth. The compositions were verified using a Thermo
iCAP Q laser ablation inductively coupled plasma mass
spectrometer (LA-ICP-MS). The results are shown in Ta-
ble I.
The as-grown amorphous films where crystallized ex-
situ by annealing in an Ar environment in a Modu-
lar Process Technology RTP600s Rapid Thermal An-
nealer (RTA). The RTA reached the desired temperatures
within 20 s (15–35 ◦C/s), and were cooled at a rate of
approximately 2 ◦C/s.
III. STRUCTURAL CHARACTERIZATION
The crystal structures of the films were investigated
with conventional X-ray diffraction (XRD) θ − 2θ mea-
surements on a Siemens D500 Diffractometer equipped
with a Cu source and monochrometer. To determine
the strain in the films, the XRD measurements were
compared to grazing angle X-ray diffraction (GAXRD)
measurements, where the incident X-ray beam is fixed
at θi = 6
◦. The alignment of the diffractometer was
checked with a Si powder sample for both the XRD and
the GAXRD geometries.
Annealing times and temperatures were selected to
produce single phase samples. Five sets of samples –
Mn0.8CoGe, Mn0.9Co0.8Ge, Mn1.4CoGe, Mn1.8Co0.8Ge
and Mn2.5CoGe – were annealed within the temperature
range of 375 ◦C - 500 ◦C for an interval time between 2
minutes and 40 minutes, yielding Ni2In-type polycrys-
talline films. High temperature annealing resulted in
mixed phase samples: annealing at 700 ◦C produced a
mixture of Ni2In-type and TiNiSi-type phases, but there
was no evidence of a tetragonal phase. Figure 2 shows
fits to GAXRD measurements of the Ni2In-type samples
that demonstrate the phase is stable across the entire
composition range, 0.8 ≤ x ≤ 2.5.
The lattice parameters extracted from the GAXRD
fits (Table I), are comparable to the values of bulk
MnCoGe, a = 4.087(1), c = 5.316(3) A˚.18 The Rietveld
refinements were performed using Rietica version 4.0
(http://rietica.org). We note that the (101) peak in-
tensity is much lower that expected from bulk MnCoGe
samples. The discrepancy could be accounted for with
20% vacancies on the 2c-site occupied by Co. The pres-
ence of vacancies is consistent with ICP-MS measure-
ments that show Mn concentrations are lower than the
nominal value. The intensity of the (21¯0)-peaks is higher
than expected. As the annealing process can lead to pre-
ferred grain orientation, it is not possible to separate this
effect from the possibility of vacancies.
TABLE I. The composition of the MnxCoGe films determined
by LA-ICP-MS, together with lattice parameters determined
from GAXRD.
x χMn/χGe χCo/χGe a (A˚) c (A˚)
0.8 0.79 0.93 4.02 5.21
0.9 0.89 0.79 4.03 5.23
1.4 1.42 0.97 4.05 5.30
1.8 1.83 0.78 4.05 5.36
2.5 2.47 1.07 4.07 5.29
The GAXRD peak positions were found to be sys-
tematically lower than the XRD measurements (unlike
the control Si powder sample). A comparison between
GAXRD and XRD is shown in Fig. 3(a). While XRD
probes the lattice parameters of planes that are parallel
to the substrate surface, GAXRD measures interatomic
planes whose normal is further and further from the film
normal as the detector angle θ increases. We define
φ = θ−θi as the angle between this normal and the film’s
normal. As shown below, the shift in the GAXRD peaks
relative to those in the conventional XRD measurements
is due to strain in the films. To determine the influence
of film strain on the GAXRD measurements, we assume
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FIG. 2. XRD data (black) with Reitveld refinements (or-
ange), residuals (blue) and Ni2In-type peak locations (green):
(a) Mn0.8CoGe, (b) Mn0.9Co0.8Ge, (c) Mn1.4CoGe, (d)
Mn1.8Co0.8Ge and (e) Mn2.5CoGe, with hexagonal (green)
peak locations in (f).
a uniform biaxial strain of the polycrystalline material,
where ǫ⊥ and ǫ‖ are the out-of-plane and in-plane strains
in the film, respectively. We obtain an expression for the
atomic plane spacing, d(φ) for planes that are at an angle
φ with respect to the film surface,
d(φ)
d(0)
=
(
1 + 2ǫ‖ sin
2 φ+ 2ǫ⊥ cos
2 φ
1 + 2ǫ⊥
) 1
2
, (1)
in terms of of the plane spacing measured by XRD, d(0).
(a)
(b)
FIG. 3. (a) XRD and GAXRD measurements of Mn1.4CoGe.
The lower panel shows the XRD peak positions relative to
GAXRD peaks. Note that in order to be able to see the (202)
peak in the XRD data, the intensity of the Si(004) peak at
2θ = 69.9 was reduced by offsetting the sample angle by 2◦.
(b) The normalized change in the interatomic plane spacing as
a function of the angle the planes make with the film surface.
The solid line show the fit to the data using Eq. (1).
For small strain and small φ, d(φ) ≈ d(0)(ǫ‖ − ǫ⊥)φ
2.
Figure 3b shows a fit to d(φ) for the Mn1.4CoGe sample,
which gives ǫ‖ − ǫ⊥ = 0.07± 0.01.
The strain, which was observed for all MnxCoGe films,
is likely induced by the annealing process. The thermal
expansion coefficients for metals is typically about one
order of magnitude larger than the Si substrate. The film
crystallizes at high temperature; since the film contracts
more than the substrate upon cooling, the film develops
an in-plane tensile strain (and through the Poisson ratio,
it develops an out-of-plane compressive strain).
4IV. MAGNETIC MEASUREMENTS
Magnetic measurements were performed using a Quan-
tum Design Physical Properties Measurement System
(PPMS), equipped with a P500 AD/DC Magnetometry
System (ACMS). Samples were cut into 5.8 mm × 5.8
mm squares and wedged into a plastic straw that was
placed in the PPMS. The field was applied in the plane
of the film.
Magnetization loops were recorded as the field was cy-
cled between µ0H = +9 T and -9 T. The M −H loops
for all 5 samples measured at T = 5 K are qualitatively
similar, as shown in Fig. 4. However, hysteresis loops
with x > 1 show higher HC and more rounding, sugges-
tive of a larger mean effective anisotropy with a broader
distribution.
The remanent magnetization, MR, was measured on
warming from T = 5 K after saturating the film in a 9
T field. The temperature dependence of MR is shown in
Fig. 5. The shape of the MR−T graph for the x = 2.5
sample (shown in yellow) is typical of a ferromagnet.
Some of the x = 2.5 samples had a small remanent mag-
netization above T = 270 K. Although no impurity phase
could be detected in the X-ray measurements, additional
annealing in the RTA was able to remove this additional
ferromagnetic contribution. The x = 1.4 and 1.8 samples
also show a small MR above T = 270 K but further an-
nealing could not remove the impurity phase. Unexpect-
edly, the compositions with x < 1 showed ferrimagnetic
behavior: above a compensation point of approximately
230 K, the MR reverses sign.
The Curie temperature is estimated from the tempera-
ture whereMR goes to zero. As shown in the Table II, TC
is comparable to the bulk T hexC ≈ 260 K of the hexagonal
phase, and is relatively insensitive to the composition x,
as observed in bulk13. However, the table also shows that
the total magnetic moment per primitive unit cell is sig-
nificantly lower that the bulk value for MnCoGe, 5.56µB
per primitive unit cell.
TABLE II. The saturation magnetization, MS, the magnetic
moment per primative unit cell, m, the coercive field µ0Hext
and Curie Temperature TC for MnxCoGe films.
x MS (kA/m) m (µB) HC (mT) TC (K)
0.8 380 2.99 26 267
0.9 384 3.02 20 260
1.4 497 4.19 78 277
1.8 394 3.19 69 272
2.5 353 2.87 89 267
V. COMPUTED MAGNETIC MOMENTS FROM
DENSITY-FUNCTIONAL THEORY
To explore the origin of the drop in magnetic moment
and the appearance of ferrimagnetic behavior, we consid-
ered the influence of atomic disorder in the Ni2In struc-
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FIG. 4. Normalized hysteresis curves of MnxCoGe films for
compositions (a) x < 1 and (b) x > 1. The saturation mag-
netizations are given in Table II.
ture on the individual magnetic moments. In the or-
dered phase, nuclear magnetic resonance (NMR) shows
that Mn on the 2a-site has a magnetic moment of
mMn = 2.4 µB, while the moment of Co on the 2c-
site couples ferromagnetically to the 2a-site with a mo-
ment mCo = 0.4 µB .
10. These values are in good agree-
ment with the measured magnetization and consistent
with neutron scattering experiments19. However, we note
that DFT overestimates the magnetic moment of Mn in
MnCoGe9,10,20, and so has to be rescaled to compare to
experiment.
Previously published DFT calculations of Ni2In-type
Mn2Ge predict ferrimagnetic behavior due to the anti-
parallel coupling between Mn on 2a- and 2c-sites21. This
is consistent with tight-binding (TB) calculations for
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FIG. 5. The nominal structures Mn0.8CoGe and
Mn0.9Co0.8Ge show ferrimagnetic behaviour due to Mn oc-
cupancies on 2a and 2c sites. Mn1.4CoGe and Mn1.8Co0.8Ge
show a secondary magnetic phase, while the Mn2.5CoGe
shows a typical MR-T curve.
MnCoGe that show a reduction in the average Mn mo-
ment when it is distributed on both of these sites. The
TB calculations show that Co on the other hand is lit-
tle affected by either moving it to the 2a-site, or by the
presence of Mn-antisite defects, as supported by DFT
calculations.22 However, there are very few studies of the
Ni2In-type structure and it remains unclear exactly what
is the magnetic behavior of Mn on the 2c- and 2d-sites
(Mn2c and Mn2d).
DFT23,24 computations were performed within
the spin-polarized general gradient approximation
(GGA)25 using the Vienna Ab-initio Simulation Pack-
age (VASP).26–29 Local magnetizations are obtained
by projecting the ground state crystal orbitals onto
atomic-like orbitals centered at each crystallographic
site (i.e. atom-centered). Since the magnetization can
be strongly dependent on the inter-atomic distances,
full cell relaxations were performed for all structures,
converging forces to better than 0.01 eV/A˚ and stresses
to within 0.001 GPa by enforcing a sufficiently dense
k-point sampling of the first Brillouin zone. We used
projector augmented wave (PAW) datasets with 7, 9,
and 4 valence electrons for Mn, Co, and Ge, respectively.
The ground state energies were converged to better than
1 meV/f.u. using a plane-wave energy cut-off of 550
eV. We attempted to converge both ferromagnetic and
ferrimagnetic solutions for all structures. In some cases
both solutions converged, but we present here only the
lowest energy solutions.
Our computed magnetic moments for Ni2In-type
MnCoGe and Mn2Ge agree well with previously calcu-
lated values. In MnCoGe, our computations show a
slightly smaller Mn moment, 2.75 µB compared to the
value calculated in Ref. 20 (3.09 µB), but one that is
closer to the experimental value. We obtain a moment of
0.5µB on Co, and −0.1µB on Ge that are in good agree-
ment with Ref. 20, as well as experimental values. In
Mn2Ge, our computed magnetizations for Mn2a, 2.9 µB
and Mn2c, -2.0 µB, agree exactly with previously pub-
lished DFT results.30
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FIG. 6. Magnetic moments as a function of the fraction of Mn
on the Co 2c-site (see fig. 5), computed from DFT. A linear
approximation to the variation in the Mn2c moment is given
by mMn2c (y) = −1.43y − 0.514.
To determine the effect of Mn2c, 2 × 2 × 2 supercells
were built by repeating the MnCoGe hexagonal unit cell
(6 atoms) twice along each lattice vector resulting in
16 Mn, 16 Co, and 16 Ge atoms. We considered the
Mn1+yCo1−yGe solid solution where the excess Mn, y,
replaces Co on the 2c site. For the dilute limit we placed
1 Mn on the 2c-site per supercell (y = 0.06); in the con-
centrated limit 15 of the 16 2c-sites were occupied by Mn
(y = 0.94), We note that the case of y = 0 and y = 1 cor-
respond to MnCoGe and Mn2Ge. The results are shown
in Fig. 6.
The Mn2c has little impact on the magnetic moments
of either the Mn2a moments or the Co or Ge moments.
However Mn2c does have a significant compositional de-
pendence and is antiferromagnetically coupled to the
Mn2a moments. In the dilute limit, the Mn2c moment
−0.6 µB is opposite in sign but comparable in mag-
nitude to the Co moment. The magnetic moment of
Mn2c reached−1.86 µB in the concentrated Mn2c regime,
which approaches the calculated value for Mn2Ge, as ex-
pected.
We additionally performed DFT calculations for Mn
6substituted on the 2d-site (Mn2d). From the 2×2×2 su-
percells, 1 of the 15 Ge atoms was replaced by Mn to give
Mn1.06CoGe0.94. To examine the influence of Mn on both
the 2c- and 2d-sites, we replaced 1 Co and 1 Ge atom in
the supercell with Mn to give Mn1.12Co0.94Ge0.94. Two
different configurations of this stoichiometry were gener-
ated – one where the Mn on the 2c-site was nearest to
the Mn on the 2d-site, another where it was farthest. All
three configurations resulted in the same magnetic mo-
ment of −2.9µB for Mn on the 2d-site and an unchanged
magnetic moment for Mn on both the 2a- and 2c-sites.
VI. DISCUSSION
To interpret the magnetometry measurements, we con-
struct a simple model from the DFT determined mag-
netic moments. We first assume that the MnxCoGe com-
pounds with x > 1 have the excess Mn distributed evenly
between the 2c and 2d-sites. We further assume that
there is disorder between the 2a and 2c site and introduce
a fitting parameter, δ, which characterizes the amount of
Co2a defects. The distribution of elements on each site
is then as follows:
2a : Mn(x+2)/3−δCoδ,
2c : Mn(x−1)/3+δCo1−δ,
2d : Mn(x−1)/3Ge.
(2)
In the case of Mn deficient MnxCoGe samples, x < 1,
the excess Co and Ge are also assumed to be evenly dis-
tributed on the 2a-sites. When site disorder is added into
the model, the elemental distribution becomes,
2a : Mnx−δCo(1−x)/3+δGe(1−x)/3,
2c : MnδCo(2+x)/3−δ,
2d : Ge(2+x)/3.
(3)
In our model, we use the experimentally determined
moments, mMn2a = 2.4 µB and mCo = 0.4 µB.
10 We
are not aware of any measurement of the Mn moment
on the 2c-site, particularly not as a function of excess
Mn. We therefore use a linear approximation to estimate
compositional dependence of the Mn2c magnetic moment
computed from our DFT calculations. From the DFT
results in Fig.6, we expect that the Mn moment on the
2c-sites in MnxCoGe would be approximately give by,
mMn2c(x) = −1.43
(
x− 1
x+ 2
)
− 0.514, (4)
in units of µB . Since DFT overestimates the Mn moment
on the 2a-site by a factor (2.4/2.75), we rescale the above
DFT prediction by the same amount. Finally, we use a
constant mMn2d = −2.9 for the Mn antisite defects on
the 2d-sites, as determined from our DFT calculations.
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FIG. 7. The diamonds show the measured magnetic moment
m per primitive unit cell of Ni2In-type MnxCoGe films. The
colour-plot shows the expected variation in the magnetic mo-
ment due to disorder. The solid, dashed and dash-dotted show
the calculated moment for a disorder parameter δ = 0.07, and
0.3 respectively with 25% vacancies on the 2c-sites.
A further refinement of the model includes 20% Co va-
cancies (on the 2c site), which is the maximum amount of
vacancies extracted from XRD fits assuming no preferred
orientation, although this was found to have a relatively
small effect on the total moment per unit cell. The cal-
culated magnetic moment as a function of x and δ is
shown by the lines and colour plot in Fig. 7. The white
lines show the magnetic moment per unit cell for two
different levels of disorder. Below x = 1, the modelled
moment drops with decreasing x due to a reduction in
the available Mn. Above x = 1, the moment drops with
increasing x as more Mn is forced onto the 2c-sites and
2d-sites. The colour scale reflects the decrease in mag-
netic moment with Co2a; a comparison with the data
points allows an estimation of the disorder, δ. The dis-
order is as large as δ = 0.3 at x = 0.9 and drops to
δ = 0.07 at x = 2.5. Despite informing our model with
the detailed results of our DFT calculations, disorder is
required to explain the ferrimagnetic behavior observed
in Fig. 5 and the lower than expected magnetic moment.
The absence of a compensation point in the higher Mn-
content samples suggest that the alloy transitions from
a Q-type ferrimagnetic (e.g. Y3Ga0.5Fe4.5O12) to an N-
type (e.g. Y3Ga3Fe3O12)
31 at larger x. Neutron scatter-
ing experiments are required to test this hypothesis.
VII. CONCLUSION
Sputtered MnxCoGe compounds formed a hexagonal
Ni2In-type structure over the entire compositional range
70.8 ≤ x ≤ 2.5 explored in this study. The unexpected
ferrimagnetic behavior is explained by the incorporation
of a fraction of the Mn onto either the 2c- or 2d-sites
where DFT calculations show it couples antiferromagnet-
ically to the 2a-sites. The possibility of changing a film
from ferromagnetic to ferrimagnetic through the growth
process is potentially interesting for other material sys-
tems in the context of spintronics, as the reduced moment
of the ferrimagnet potentially makes it more efficient to
switch with spin-transfer torque or spin-orbit torque.
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